Polymer modified asphalt is an highly temperature sensitive material. To obtain the master curves of dynamic material functions, for this material, it is necessary to perform the testing over the temperature interval from -30˚C to at least 90˚C. Since in this temperature range the polymer modified asphalt undergoes the transition from a glass-like to a Newtonian-like material, the benefit of using three testing geometries is studied here. The geometries used were: torsion bar (for the low temperatures), plate-plate (for the mid range temperatures) and bob and cup (for the high temperatures). The advantage of the combination of these three geometries is discussed. Stress and strain controlled rheometers were used to conduct all dynamic experiments. Master curves obtained by these geometries cover up to 20 decades of the reduced frequency.
order to focus the topic it is useful to mention seminal works dealing with these problems. In 1943 Leaderman [3] was the first to recognize the similarity among creep curves measured at closely separated temperatures. It is nowadays known that the similarity between viscoelastic parameters, when measured at closely spaced temperatures, is quite common and not restricted to a few INTRODUCTION Asphalt is a material with complex chemical structure, which varies with its origin and the method of production. Rheologically, it is possible to characterize asphalt as a viscoelastic material having high temperature sensitivity. It is generally believed that asphalt is also a rheologically simple material, i.e. the time-temperature superposition principle (TTS) applies to asphalt [1, 2] . In relaxations [4] . The procedure of superposing curves at different times (frequencies) and temperatures is known as the time -temperature superposition (TTS) and the resulting curves (master curves) cover large time or frequency domains. The method presents a valuable simplification by separating two principal variables (time and temperature) on which the viscoelastic properties depend. An important criterion for the use of method of reduced variables is that the shapes of the original curves at different temperatures must match over a substantial range of frequencies or times. An equally important criterion to evaluate the applicability of the method of reduced variables is the requirement that the same values of the horizontal shifting factor must superpose all viscoelastic functions [5] .
For example, in dynamic experiments the effect of a change from temperature T to T r is to multiply the dynamic moduli by T r r r /Tr and the frequency by the horizontal shifting factor, a T . In many systems the density ratio (r r /r) is only due to thermal expansion. Ferry [5] extensively discussed the method of reduced variables. From the mathematical point of view, the form of log a T , as a function of temperature, has to be a smooth function. For the great majority of relaxations, the shifting factor a T is given either by the Arrhenius equation [4] : (1) where H is the activation energy, T r is the reference temperature and R is the universal gas constant, or by the Williams-Landel-Ferry (WLF) equation [5] : (2) where c 1 and c 2 are constants.
The WLF equation is almost always applicable to the glass-rubber relaxation (transition). The Arrhenius equation is usually applicable at temperatures below the glass transition and for relaxations in crystalline polymers. From the rheological point of view the conventional asphalt behaves as a low molecular weight poly-
mer [6] . The rheological properties of the material resulting from the modification of conventional asphalt by blending it with a polymer may differ substantially from those of the base asphalt, see e.g. [7 -17] . Depending on the type and the amount of polymer and the method of blending, various degrees of cross-linking can be obtained in polymer modified asphalts. The viscoelastic properties of the so-obtained materials are more pronounced and the attempts to characterize them by criteria developed for conventional asphalts may fail. Sometimes an unexpected behavior is observed. For example a non-monotonous viscosity function was detected in some asphalts modified by styrene-butadiene-styrene elastomers (SBS) [18] .
Any asphalt, and especially the modified one, is a material with high temperature sensitivity. This sensitivity presents a challenge to experimentalists. It is not so easy to obtain satisfactory master curves of viscoelastic material functions for polymer modified asphalts. Experimental methods depend on the consistency of the tested material. Hence, to obtain the dynamic material functions covering all the important transitions of a polymer modified asphalt, the sample must be tested over a wide interval of temperatures (-30 to 90˚C or higher). In such a temperature interval the consistency of the sample changes from a liquid to a soft viscoelastic solid. Thus, at least two different testing geometries should be used. The advantages and problems associated with such testing are discussed in this note.
Asphalt is often modified with selected polymers, to improve its properties as a binder in paving mixes [7, 19] . The rheological characterization (in the linear viscoelastic region) is important in order to evaluate the role of the modifying polymer. This characterization is usually done in small amplitude shear oscillations and the goal is to obtain the master curves of dynamic material functions (as complete as possible). Sinusoidal oscillations are performed in an optimum frequency window at various temperatures and then, by applying the time-temperature superposition principle, master curves of loss tangent, tan d, storage modulus, G', and loss modulus, G'' are constructed. The linear viscoelastic behavior of asphalt (conventional and polymer modified) is "bounded" by two main transitions. The first one is the transition to the glassy state and the second one is the transition to the state of Newtonian liquid. Both transitions are important for the asphalt paving industry (rutting and low temperature cracking are the two main distress modes of many roads and highways). Of course, the thermomechanical behavior of asphalt between these two extremes is equally important. The glass transition region of asphalt usually starts at temperatures of about -20˚C and the Newtonian region may start at temperatures of about 70˚C. Thus, the dynamic testing of asphalts is typically carried out in temperatures ranging from -30 to 90˚C. However, it is difficult to use only one testing geometry, e.g. cone and plate (CP) or plate-plate (PP), because in this temperature interval asphalt can change from a glass-like to a liquid-like material. Using the PP geometry at subzero temperatures, when asphalt binder is solid-like, can lead to slipping or breaking of the sample during the test. Slipping is caused by small adhesion between sample and plates. To prevent slipping, parallel plates with serrated surface are often used. Brittle fracture, caused by the glassy structure of the material can be eliminated only by using smaller frequencies. Another problem is related to the compliance of the transducer, which is not indefinitely stiff [20] , therefore the measurements may produce errors which cannot be eliminated by any calculations [21] .
It is our aim to show that it is possible to obtain master curves of dynamic material functions of polymer modified asphalts on a very wide domain of reduced frequencies by combining data collected from three different testing geometries. Moreover, we will show that erroneous results can be obtained when only the PP geometry is used at low and high temperatures. It is worth noting that the present results were obtained by combining the dynamic testing from two different rheometers: a strain control ARES of Rheometric Scientific and a stress control CVO of Bohlin Instruments Ltd.
EXPERIMENTAL

MATERIALS
Two conventional asphalts, one of 200/300 Pen grade and one of 70/100 Pen grade were modified by the radial styrene-butadiene-styrene block copolymer (SBS). For the future reference, the material obtained from base asphalt 200/300 Pen grade with 4% of SBS is denoted as material A, and the material obtained from base asphalt 70/100 Pen grade with 5.5% of SBS is denoted as material B.
EQUIPMENT
The experiments with plate-plate and torsion bar (TB) geometries were conducted in the strain control rheometer Rheometric Scientific with ARES (Advanced Rheometric Expansion System) operational system. The instrument is capable of subjecting a sample to a dynamic (sinusoidal) shear strain (deformation), by measuring the resultant torque in response to the prescribed deformation. The transducer is attached to the upper plate (torsion bar). Movement, ensured by motor, is applied to the lower fixture. When in dynamic mode, the instrument is capable to measure torque values in the range from 0.2 up to 2000 gcm. The maximum angular deflection for sinusoidal strain is 0.5 radians from either side of zero position.
The experiments with bob and cup (BC) were conducted in the controlled stress rheometer (CVO) manufactured by Bohlin Instruments Ltd. The operational system (version 6.30) enables automated gap and temperature control setting. Torque is applied by rotating the inner fixture.
Both rheometers were used in the melts configuration, i.e. the electrical convection oven was used as the environmental chamber for the testing. Since properties of the studied materials are temperature dependent, special attention is given to the temperature control. In both rheometers, hot air is used as a medium to heat materials at high temperatures. At low temperatures, the environmental chamber is cooled by liquid nitrogen. Thermometers, which control the temperature in the oven, are in the contact with the lower fixture (plate or coaxial geometry) in order to ensure maximum temperature accuracy of the measured sample. The temperature controller for the torsion bar (TB) geometry setup is inside the environmental chamber.
TESTING AND PROCEDURES
Plate -plate
Hot asphalt binders were poured into rubber molds. The amount of material transferred depends on the size of the used plates. To prevent samples from substantial material changes caused by aging, samples were tested within 12 hours from pouring. After the specimen was placed on the lower plate, the gap was automatically set to 0.05 mm above the desired thickness. The sample was trimmed approximately 15 minutes after it solidified. Subsequently, the upper plate was moved into the required position.
Plates of 25, 40, and 50 mm gave the best stress response for given materials at temperatures up to 90˚C. Plate diameters of 6, 8, and 10 mm with the serrated surfaces were used for the subzero temperatures up to -30˚C. The gaps were set in the range of 1.2 to 1.7 mm, with respect to testing temperature and material.
Torsion bar
The following procedure was developed at the University of Calgary and after several months of evaluation it can be considered successful: the aluminum mold was designed to produce asphalt bars with following dimensions 35 * 12 * 2.7 mm. The releasing agent composed of glycerin and talk (2/1 w/w) treated the inner sides and the bottoms of the mold. The fluid binder (160˚C) was poured into the preheated aluminum mold at temperature of 150˚C. After a cooling period of 45 minutes, samples were trimmed by using an hot spatula and moved to freezer at -20˚C. Prior the test, samples were removed from the mold and mounted in a vertical position for the test. Their dimensions were checked by the micrometer and used in further calculations.
As far as the TB geometry is concerned, our experience is that it can be used to measure dynamic material functions, in asphalt binders, at low temperatures [22] . In this case the frequency range may vary with the material and the temperature. However, it is possible to apply the time-temperature superposition for this geometry. Upper temperature limit is determined by softening of the asphalt sample.
Bob and cup
The BC geometry can be used only when the viscosity of the sample is not very high which means only at high temperatures. Asphalt binder was heated in the oven, then about five grams of material were poured into the preheated cup and bob was submerged into the liquid sample until the defined vertical gap of 0.150 mm was reached. The radial distance between outer and inner cylinder was 1.8 mm. Approximately 15 minutes after the temperature equilibrium was reached, the auto stress mode was applied during the oscillation test. Frequencies were similar as in the case of PP geometry, ranging from 0.05 to 5 Hz.
RESULTS AND DISCUSSION
For both materials A and B, master curves from Newtonian to brittle solid behavior were constructed investigating a wide range of experimental conditions by using the two rheometers and the three different geometries. As mentioned above, the stress control rheometer was used for PP and TB samples while the strain control rheometer was used for BC. However, both rheometers allow testing asphalt samples in the PP (or cone plate) geometries and the strain control rheometer allows also the testing of asphalt samples in the form of torsion bars, preferred for the low temperatures. Strictly speaking, our stress control rheometer is equipped with this testing geometry, too. However, the TB has to be shorter because the oven cavity is smaller and it is very difficult to prepare such small TB from asphalt. On the other hand, our stress control rheometer is equipped with the small bob and cup geometry, which can be used in the convection oven thus allowing the high temperature testing of asphalt samples. Schematic picture of the used geometries and corresponding temperature range is given in Fig. 1 in the low frequencies (high temperature) range. From Figs. 2 and 3 it can be seen that for high temperatures BC and PP give strongly different values and this is particularly evident in Fig. 3 , where the difference is not only quantitative but also qualitative. Results obtained for sample B with PP seem to indicate that the complex viscosity does not reach a plateau of constant value. Moreover, G" crosses G' so that the material should behave as an elastic one. As a consequence, the loss tangent tends to decrease if measured with PP and goes to infinity only if measured with BC geometry (Fig.  4) . Of course this is not possible and it is due to the lack of accuracy for PP geometry when the materials is too liquid and tend to flow out from the plates. The same problem is not present when the BC geometry is used.
A further confirmation of the accuracy of the master curve constructed with BC values is given in Figs. 5 and 6. These figures are built using BC data in the low frequency range and show that both A and B materials satisfy the time-temperature superposition principle and that the WLF form can be used to fit the horizontal shift factor. We can conclude that sample B (harder base asphalt and higher content of SBS) is a definite candidate for BC geometry, when tested at high temperatures.
With respect to the low temperature range, the moduli from PP and TB geometry were compared. In Figs. 7 -9 examples of three isotherms (for sample A) measured with PP at -22, -26, -30˚C and shifted to T r = -22˚C are plotted together with isotherms measured with TB geometry.
It is interesting to underline that the advantage of TB geometry is not obvious (for sample A) when the data of complex viscosity are plotted in the high frequency range (Fig. 7) . In this case, the curves seem to be the same; however a strong difference can be clearly seen in Figs. 8 and  9 where, for the same frequency range, the mod- uli and the loss tangent are shown. The values obtained with TB and PP are similar, but those from PP are scattered around the TB data. This is a consequence of the definition of the complex viscosity (|h*| = |G*|/w) for which the division by frequency "smooth" the graph for high frequencies where there is a bigger denominator and enlarges the scattering for frequencies less than 1. When using PP geometry the lower (higher) is the temperature (frequency), the worse is the accuracy of the measurement due to slipping and breaking of the asphalt sample. This can be seen in Figs. 8 and 9 , where the scattering increases from left to right. That problem is hidden in the complex viscosity graph thanks to the frequency at denominator and this is an interesting example of how it is always prudent to check the behavior of all dynamic functions when constructing the master curves of the storage and loss moduli. Sometimes, one can encounter a dubious practice when only the master curve for one viscoelastic function is presented, without checking master curves for other dynamic functions. For the discussion of problems generated by such a "shortcut" see e.g. [23, 24] .
CONCLUSIONS
As already mentioned, the good master curves (for both samples) can be composed from the dynamic data obtained in all three geometries. Especially by adding the TB and BC geometries to the commonly used PP geometry the domain of the reduced frequencies is so wide that both principal relaxations are captured. Therefore, dynamic testing of highly temperature sensitive materials, e.g. asphalts, may require the use of three different fixtures: PP, TB and BC. Each of the three geometries has advantages and disadvantages depending on the operating temperature (linear viscoelastic behavior of the tested material is assumed). Therefore, in order to obtain good data in the whole temperature range where material changes from a brittle solid to a fluid, it is favorable to use all the fixtures. The shift from one fixture to another must be done at a temperature which depends on the viscoelastic properties of the material. In the case of asphalt, it is theoretically possible to measure the rheological properties using PP in a wide range of temperatures. However, when close to glass transition the slipping and breaking can occur, leading to very scattered and noisy data. Such problems are almost eliminated with TB. On the other hand, close to the room temperature, asphalt starts to become soft and it is not able to support its own weight and keep the shape of the torsion bar. Slipping and breaking cause no more a problem for PP geometry which starts to give better data. PP (and cone-plate) geometry remains the best one until the material approaches the liquid state. In this case the tendency to flow out from the space between the plates and the low torque values (due to the limited PP surface) appears. Both problems can be solved with a BC fixture giving more reliable data than PP in this case. In conclusion, this note gives examples of isotherms obtained with three different geometries and two rheometers. For both studied polymer modified asphalts, the data can be successfully shifted into the master curves of dynamic material functions. The importance of the requirement that the same values of the horizontal shifting factors must superpose all the viscoelastic functions is also stressed. 
